Mg x Zn 1−x O thin films epitaxially grown on Mo͑110͒ substrate under ultrahigh vacuum condition were studied in situ by various surface analysis techniques including x-ray photoelectron spectroscopy, Auger electron spectroscopy, low-energy electron diffraction, and high resolution electron energy loss spectroscopy. The results indicate that as-grown Mg x Zn 1−x O films are soluble phase, and a phase transition from wurtzite to cubic structure occurs in the region of x = 0.55-0.67. The surface band gap can be tuned continuously with altering the content of Mg in Mg x Zn 1−x O films, and its tunable window width is about 1.9 eV. Based on heterojunction and quantum well structure, this kind of materials can be applied in wide-band-gap semiconductor devices, such as short-wavelength light-emitting devices.
I. INTRODUCTION
Owing to the interesting applied perspective in many fields such as crystal growth, optoelectronics, and catalysis, the surface studies of semiconductor materials have attracted much attention. 1 The materials with wide band gap ͑BG͒ can excite the photon with short wavelength. As a promising wide-BG semiconductor with a large exciton binding energy ͑BE͒, zinc oxide ͑ZnO͒ has been investigated extensively because of its potential application in short-wavelength lightemitting devices, solar cells, and displays with transparent conductors. 2 In order to realize its industrial application, the studies on p-type doping and BG engineering are focused. 3, 4 For the latter, it is reported that Mg x Zn 1−x O compound is one of the best candidates to circumvent the problem, and the BG energy of Mg x Zn 1−x O is linearly dependent on the Mg content. [5] [6] [7] By means of this tunable BG, the optoelectronic emissions can be expanded toward short-wavelength region ͑e.g., ultraviolet emission͒ based on the photon excitation from valence band to conduction band.
According to the phase diagram, the solid solubility of MgO in ZnO is less than 4 at. %, while that of ZnO in MgO is up to 56 at. %. 4 However, because of a nonthermal equilibrium environment in the process of growth, Mg x Zn 1−x O films with x =0-1 were prepared on selected substrates ͑e.g., on sapphire͒ by various techniques, such as plasma-assisted molecular beam epitaxy, pulsed laser deposition, chemical vapor deposition, magnetron sputtering, and electron beam evaporation. [7] [8] [9] [10] Their crystal orientation, optical properties, and BG depending on Mg content have been widely investigated by x-ray diffraction, optical absorption, and photoluminescence spectroscopy, for instance. [2] [3] [4] [5] [6] [7] [8] [9] Recently, the ZnO/ MgZnO multiple quantum wells 11, 12 and ZnO/ Mg x Zn 1−x O heterostructure are investigated. 13 From these studies, the results show that their properties are mainly confined at the surface region. However, there are very few reports on the studies of surface BG ͑SBG͒ of Mg x Zn 1−x O films, differing from BG of bulk Mg x Zn 1−x O. Experimentally, in spite of their characterization of various properties, little information about the surface electronic structure of the Mg x Zn 1−x O has been collected. For instance, the lattice vibration of ZnMgO films was investigated by Fourier-transform IR reflectance spectroscopy, 14 from which the information is from bulk rather than from surface.
For the sake of understanding and exploring the application of Mg x Zn 1−x O films, to study their surface electronic structure and SBG is significant and necessary. In this paper, we present an epitaxial growth of Mg x Zn 1−x O ultrathin films on a substrate of metal Mo͑110͒. The surface electronic structure and SBG of the films as a function of Mg content are investigated in situ by using various surface analytical techniques, including low-energy electron diffraction ͑LEED͒, x-ray photoelectron spectroscopy ͑XPS͒, Auger electron spectroscopy ͑AES͒, and high resolution electron energy loss spectroscopy ͑HREELS͒.
II. EXPERIMENT
The experiments were carried out in two systems: ESCALAB-5 ͑VG Scientific Ltd.͒ and ELS-22 ͑Leybold-Heraeus GmbH͒ with base pressures of 8 ϫ 10 −10 and 1 ϫ 10 −10 mbar, respectively. 15 The former is equipped with reverse-view optics for LEED and dual-anode x-ray sources ͑Mg and Al͒ for XPS. The latter consists of AES, HREELS, and LEED. In XPS measurements, the Mg K␣ x-ray source ͑hv = 1253.6 eV͒ with a pass energy of 50 eV was used. The BE has been calibrated with respect to pure bulk Au 4f 7/2 ͑BE= 84.0 eV͒ and Ag 3d 5/2 ͑BE= 368.3 eV͒ lines, and the accuracy of measured BE was better than 0.15 eV. In AES, a primary electron beam energy of 3 keV was applied. In the HREELS measurements, the primary energy of the incident electron is 5 eV for surface phonon measurements with a typical resolution of [12] [13] [14] [15] half maximum height of the elastic peak from the ZnO films. For valence-band transition measurements, the incident electron energy of 20 eV was used.
To avoid the charging problem for insulator materials in electron spectroscopic measurements based on electron incidence, the ultrathin oxide films were prepared on metal substrates. The Mo͑110͒ substrate ͑10 mm diameter disk; 1.0 mm thick͒ was spot welded with Ta filament around its edge, allowing electron beam bombardment heating to temperature Ͼ2000 K. A C-type thermocouple ͑W-5%Re/W-26%Re͒ was spot welded to the edge of the sample for temperature measurements. The Mo͑110͒ surface was treated by annealing at ϳ1200 K in ϳ10 −7 mbar oxygen to remove the surface contaminator ͑especially carbon͒, followed by a subsequent flash to 1500 K without oxygen until no impurities were detected by XPS or AES, and a sharp ͑1 ϫ 1͒ LEED pattern was observed.
The magnesium and zinc sources were made of pure magnesium ribbon ͑purityϾ 99.9%͒ and zinc wire ͑purity Ͼ 99.995%͒ wrapped tightly around a tungsten wire, respectively. Before growth, the two sources were thoroughly degassed by thermal treatment. The total evaporating rates of Zn and Mg are 0.2-0.6 ML/min, and their evaporating rates were calibrated, respectively, via the intensity ratios of Mg 2p to Mo 3d and Zn 2p to Mo 3d as a function of deposition time by XPS in ESCALAB-5 chamber, and monitored by a quartz crystal oscillator in ELS-22 chamber. Then, the Mg x Zn 1−x O thin films ͑5-10 nm thick͒ were prepared by codepositing Mg and Zn simultaneously under ϳ10 −6 mbar O 2 ͑using uncorrected ion gauge reading͒ at room temperature ͑RT͒ for 40 min, followed by annealing at 600 K for 10 min. All data were collected at RT. Figure 1 shows the AE spectra of as-prepared thin oxide films with different contents of Mg and Zn. The concentration of Mg ͑x͒ in Mg x Zn 1−x O thin films as shown in Fig. 1 was calculated by combining the peak intensities of the Auger electron signal with their relative atom sensitivity factors. 16 The Chemically, the formation of crystallized ͑Zn,Mg͒O phase needs a higher oxygen partial pressure condition. However, in our experiments, a very low evaporating rate of Zn and Mg sources ͑the total evaporating rates of Zn and Mg were 0.2-0.6 ML/min, compared with 5-6 ML/min of Zn in 10 −5 Torr O 2 using pulsed laser deposition method as reported in Ref. 19͒ was used, which is of much help for the complete oxidation of Zn and Mg in ϳ10 −6 mbar O 2 . Therefore, the formation of Mg x Zn 1−x O films in the present study is reasonable. Figure 3 shows the XP spectra of O 1s core level in Mg x Zn 1−x O thin films as a function of x. The BE of O 1s core level gradually increases from 531.3 to 532.3 eV with increasing x from 0 to 0.55, and then decreases to 531.3 eV while further increasing x to 1.0. Compared with the results shown in Fig. 2͑b͒ , the BE values of O 1s also reach the maximum at x = 0.55. Apparently, this points out a turnover of the BE around x = 0.55. This turnover of the BE cannot be explained solely by increasing Mg concentration, but most likely implies a structural phase transition in the Mg x Zn 1−x O thin films, which affects the electronic structure of core levels of Mg and O. Thermodynamically, it may result from a different ionization of Zn and Mg for bonding with O and their competition becomes more drastic as x is close to the phase-transition region, resulting in the increase in BE of O 1s core level. 4, 7 In a similar study, 21 the shift of O 1s core level line with the increase in x is attributed to the change in ionicity and the expansion of BG. Therefore, the mutual substitution between Mg and Zn is most likely to affect the change in the ionicity, leading to a transition in phase structure.
III. RESULTS AND DISCUSSION
The LEED was used to determine their surface structures for the films with x =0-1. For x = 0, an ordered ZnO film with a hexagonal surface symmetry was obtained, indicating either ZnO ͑0001͒ or ͑0001͒ surfaces. We noticed that ZnObased materials with different polarities are crucial for the understanding of their properties. 22 But, in our experiments, we cannot distinguish the ZnO͑0001͒ and ZnO͑0001͒ faces by LEED and XPS. However, because the films were prepared by depositing metals in an oxygen ambience in ultrahigh vacuum, it strongly suggests that as-prepared ZnO films are most likely O terminated, namely, along ͑0001͒ face. Figure 4͑a͒ gives a LEED pattern with a hexagonal symmetry from surface of the Mg 0.18 Zn 0.82 O film, implying an epitaxial growth on Mo͑110͒ substrate. No noticeable change in LEED patterns was observed at x = 0 -0.55. However, a diffused and faceted LEED pattern was observed while x is up to 0.67, which is very similar with the LEED patterns of MgO͑111͒ surface with ͕100͖ facets, as shown in Fig. 4͑b͒ . With further increasing x, the diffused and faceted LEED patterns become more obvious, giving a different surface structure from that shown in Fig. 4͑a͒ .
The tetrahedral ionic radius of Mg 2+ ͑0.057 nm͒ is approaching to that of Zn 2+ ͑0.060 nm͒, which can easily result in a replacement between Zn and Mg with little change in their lattice contents. 4 In addition, ZnO is of wurtzite structure with a lattice constant of a 0 = 0.325 nm along the ͑0001͒ face, and MgO crystal is a NaCl-type structure with a lattice constant of a 0 = 0.298 nm at the ͑111͒ face. In two dimensional structure, both ZnO͑0001͒ and MgO͑111͒ surfaces are hexagonal symmetry with a lattice mismatch of 9%. Therefore, the approaching ionic radius, the same surface symmetric feature, and the lower lattice mismatch between ZnO͑0001͒ and MgO͑111͒ enable a formation of Mg x Zn 1−x O films. As reported, the epitaxial relations of pure MgO and ZnO on Mo͑110͒ substrate were determined as MgO͑111͒// Mo͑110͒ and ZnO͑0001͒//Mo͑110͒, respectively. 15, 17 Thereby, the LEED results in our experiments indicate an epitaxial growth of Mg x Zn 1−x O films on Mo͑110͒ substrate.
Structurally, there are four closest coordinated anions for every cation in wurtzite structure and six in rocksalt crystal. The closest coordination numbers of Mg and Zn atoms are changed with the phase transition from wurtzite to rocksalt structure. 23 Also, their ionic radii of Mg and Zn are changed to 0.072 and 0.074 nm in the rocksalt structure with six coordination numbers, respectively. When x is gradually close to the phase-transition region from wurtzite to rocksalt structure, the competition between these two phases may make part of Mg or Zn ions locate at the interstitial sites and deepen the extent of ionicity, 21 prompting the BE shift of the O 1s and Mg 2p core levels due to changes in their cation radii and structure in the phase-transition process. Considering the complexity of the detailed mechanism of structure change and core level shift, a further study is expected by means of other techniques, e.g., scanning tunneling microscopy and high resolution photoemission spectroscopy as well as theoretical analysis.
It is known that both ZnO͑0001͒ and MgO͑111͒ are of polar surfaces. ZnO͑0001͒ surface is relatively stable due to its lower surface energy in spite of some reports about the release of surface energy by surface reconstruction of ͑4 ϫ 4͒ for Zn-terminated surface and ͑3 ϫ 3͒ for O-terminated surface. 24 However, the ͑111͒ face of MgO is thermodynamically unstable because of the large dipole moment originating from the alternative stacking of anion and cation layers along the ͓111͔ direction and easily diverges into ͕100͖ facets to decrease its surface free energy. 15, 24 These results based on our LEED observation ͑Fig. 4͒ and XPS measurements strongly suggest a surface structural change, a possible phase transition from wurtzite to cubic structure around x = 0.55-0.67 in the Mg x Zn 1−x O films. The similar phenomenon of the phase transfer was also observed by XRD study. 3, 6 However, to be worth noting, the phase transfer value of x in our experiments is slightly higher than that reported in previous studies. One possible reason is attributed to the different substrates, which can lead to a film grown preferentially with a certain crystal structure. For instance, the x value yielding single-phase wurtzite-type structure can reach 0.47 for Mg x Zn 1−x O films on ZrO 2 substrate, compared with that of 0.37-0.43 for Mg x Zn 1−x O films on sapphire substrate. 19 HREELS is a very sensitive technique for surface analysis used to detect surface optical phonon and transitions of valence-band electrons. For long-range ordered metal oxides, their surface lattice vibrations are easily observed as a series of multiple phonon excitations in HREELS measurements. Figure 5 shows the lattice vibrational spectra from the Mg x Zn 1−x O films with different x. It is well known that, for pure ZnO and MgO, the main loss peaks are at 68 and 81 meV, attributing to the longitudinal optical phonon modes of Zn-O and Mg-O vibrations, respectively. 15, 16 As we can see from Fig. 5 , the main loss peak at 68 meV ͑x =0͒ continuously shifts to higher energy as x increases. For instance, with an increase in x from 0 to 0.18, a blueshift of main loss peak about 2 meV was observed, and the energy loss peak shifts from 68 to 80 meV as x increases from 0 to 1. We notice that the main loss peaks are symmetrical and no shoulder/satellite peaks are detected, meaning a uniform phase of the films. If ZnO and/or MgO were separate phase, the loss spectra being characteristic of their individual phonon features should have been observed. So, these unitary loss peaks strongly suggest that a single phase is formed at the full range of x from 0 to 1. The similar phenomena can also be observed from their multiple loss peaks. If there was a separate phase of ZnO, one should observe a second loss peak at 136 meV, which is not observed in Fig. 5 . The symmetrical loss peaks as well as their multiple loss peaks imply a formation of long-range ordered Mg x Zn 1−x O thin films. 25, 26 Therefore, we conclude that in both wurtzite and cubic structures the part of Zn ͑Mg͒ ions are substituted by Mg ͑Zn͒ to form Mg x Zn 1−x O thin films with a soluble phase.
Experimentally, the SBG can be estimated from the EEL spectra since corresponding excitation originates from the valence electrons in the case of semiconductors and insulators.
27 Figure 6 shows the EEL spectra of the Mg x Zn 1−x O thin films as a function of x. In our measure- ments, the onset of SBG was defined by the intersection of a line representing the base line and a line fitting the maximum positive slope of the peak in EEL spectra, as shown in the bottom curve in Fig. 6 . It can be seen that the fundamental SBG edge gradually shifts toward higher energy with the increase in x. The changed trend of SBG obtained by EELS is similar with the imaginary part of measured pseudodielectronic functions of Mg x Zn 1−x O films, 28 suggesting that the loss signal from the Mg x Zn 1−x O surface is surely responsible for the excitation of SBG transition. Similarly, the rising loss signal was interpreted as the excitation of SBG-related valence electrons. 15, 29 However, because of the lower coordination number ͑3͒ of surface atoms at the surface than that ͑4͒ of bulk ZnO along ͑0001͒ face, it is expected that its SBG is less than bulk BG ͑3.37 eV͒. 4 Therefore, the discrepancy between SBG and bulk BG is mainly caused by the shift of the electronic levels induced by low coordination numbers of surface ions, compared with that of bulk materials. 30 A direct evolution for the change of SBG ͑⌬SBG͒ as a function of x ͑comparing with the energy of the onset of the ZnO film, 3.1 eV in our experiments͒ is given as an inset in Fig. 6 . From x = 0 to 0.57, ⌬SBG increases linearly by 1 eV, implying a continuous shift of SBG with the increase in Mg concentration. From x = 0.57 to 0.67, ⌬SBG has little change, suggesting that the films are in the region of phase transition from wurtzite to cubic structure, which is in accord with the change trend of bulk BG obtained by photoluminescence spectra. 7, 31, 32 When further increasing x from 0.67 to 1, ⌬SBG increases from 1.0 to 1.9 eV and satisfies a linear relation with a larger slope. Obviously, the SBG can be tuned by altering x values. To be worth noticing, the tunable SBG window is narrower than that in bulk materials, which may relate to the difference of coordination numbers from bulk and surface. 29 Due to the larger BG of MgO than that of ZnO, the tunable SBG window is determined by the SBG of MgO. Along the ͓111͔ direction, the coordination number of every O or Mg ions is only 3, a half of bulk coordination number. Therefore, considering the effect of MgO͕100͖ facets as well as the surface coordination numbers, a narrower tunable window with a ⌬SBG of 1.9 eV is reasonable, compared with ⌬BG of 3.5 eV from bulk samples.
We noticed that if as-prepared films were thin enough or could not cover the substrate surface, a loss peak at about 1.1 eV characterizing Mo-O vibration should have been observed in EEL spectra. 15 In contrast, the absence of such a loss peak in Fig. 6 indicates that the interfacial effect can be neglected. Although the films are only 5-10 nm in thickness, they are characteristic of bulk phase. 15 In addition, since the Mg x Zn 1−x O thin films with different x were prepared under the same condition, they have about the same thickness. Therefore, these changes observed in various spectra are not caused by quantum confinement in size.
Interestingly, the changed tendency of SBG is almost the same as that of bulk BG in the full range from x = 0 to 1, indicating that the common origin of surface and bulk BG is from the transition of valence electrons from valence band to conduction band. From the technological point of view, this kind of materials with different x might be used as the source of exciting a certain wavelength laser according to the actual requirement. For instance, in blue-ultraviolet laser application it is expectable for the actualization of biexciton transitions in ZnO/ Mg 0.3 Zn 0.7 O quantum wells. 13 Therefore, it provides novel angle of view for the development of their application in exploring wide-BG semiconductor devices based on heterojunctions and quantum well structure, such as short-wavelength light-emitting devices.
IV. CONCLUSION
Mg x Zn 1−x O films with different compositions were prepared on Mo͑110͒ substrate and studied in situ by using XPS, AES, LEED, and HREELS. The results indicate that longrange ordered Mg x Zn 1−x O films are epitaxially grown. The phase transition from wurtzite to cubic structure takes place around x = 0.55-0.67. Significantly, the SBG can be tuned linearly with the change in x in spite of some unconformity in the region of phase transition. The Mg x Zn 1−x O films with a property of tunable SBG can be used in wide-gap semiconductor devices, such as short-wavelength light-emitting devices.
